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ABSTRACT
The objective of this study was to measure the jet boundaries of sonic gas jets in a
gas-solid fluidized bed using triboelectric probes. An empirical correlation was
developed to predict jet penetration based on the results. This correlation was
compared with existing correlations developed for sub-sonic gas jets.
INTRODUCTION
Gas jets are critical in the operation of fluidized beds, and have, thus, been studied
extensively in the literature. The main focus of these studies has been jets emitted
from gas distributors such as perforated plates and spargers, leading to several
correlations to predict the penetration depth of sub-sonic gas jets (1, 2, 3, 4, 5, 6).
The expansion angles of gas jets in fluidized beds have not been studied as
extensively as the penetration length. De Michele et al. (7) and Behie et al. (8)
reported jet half-angles of 13 – 18° for horizontal gas jets. Hinze (9) observed that
the density of the jet fluid was of particular importance, and that the expansion angle
decreased significantly when the jet fluid density was increased. Filla et al. (10)
found that the expansion angle was larger for spherical particles than non-spherical
particles, and that the angle increased with particle diameter and particle density.
Cleaver et al. (11) observed that the jet expansion angle usually decreased with an
increased jet velocity, especially for finer particles.
In processes such as fluid coking and jet milling, in which particle size control is
required, attrition jets are used. These jets often operate at sonic or supersonic
conditions in order to achieve desirable grinding efficiencies. Knowledge of sonic
gas jet boundaries is necessary in order to prevent impact on reactor internals, or to
optimize the arrangement of nozzles in cases which require jet impingement.
Currently, there is no study in the literature which determines the effectiveness of the
existing gas jet correlations at predicting the jet penetration for sonic or supersonic
jets. Furthermore, there is a lack of information regarding the development of a new
correlation to predict the penetration of sonic gas jets.
Published by ECI Digital Archives, 2007
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boundaries in fluidized beds. The first objective of this study was to measure the jet
penetration and expansion angle of sonic gas jets. The second objective was to test
the existing correlations and their effectiveness in predicting the penetration depth of
sonic gas jets. The final objective of this study was to develop a correlation to predict
the jet penetration for sonic gas jets.
EQUIPMENT DESCRIPTION
Fluidized Bed System
The fluidized bed system used in this study is shown in Figure 1. Fluidization air
flowed into the wind-box through sonic nozzles, which were used to control flow. The
fluidization air was distributed by a perforated plate.

0.3 m
3.2 m
Fluidized Bed

0.3 m

Nozzle
0.16 m
1m

PT

P
Compressed
Air

Figure 1. Fluidized bed system for gas jet tests
The bed was composed of one of three types of particles: fluid coke, silica sand, or
glass beads.
Table 1. Bed particle properties for gas jet tests
Bed Particle
dpsm (µm)
ρp (kg/m3)
Umf (m/s)
Fluid Coke
130
1400
0.0080
Silica Sand
180
2650
0.0263
Glass Beads
170
2500
0.0224
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Φ (-)
0.8
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For each experiment, a nozzle injected gas horizontally into the fluidized particles. A
constant mass flow rate of gas was supplied to the nozzle from a high-pressure
cylinder. Controlling the supply pressure from the gas cylinder controlled the gas
flow rate to the nozzle.
Three different types of nozzles were used in order to test the effects of nozzle
geometry on the sonic gas jet boundaries. The first nozzle, Type A, was a
convergent-divergent, Laval-type nozzle, similar to the one used by Benz (13). The
second nozzle, Type B, was similar to the Type A nozzle except that it had a 10 mm
long straight section added to the tip. The third nozzle, Type C, was a simple straight
tube nozzle with a 25.4 mm long straight nozzle exit. The nozzles that were tested
had diameters of 1.2 mm, 1.8 mm, 2.4 mm, or 4.3 mm. Three different gases: air,
argon, and helium, were injected to test the effects of injected gas properties such as
speed of sound, molar mass and viscosity on jet boundaries.
Triboelectric Probes
Twenty-eight triboelectric probes were made from plain insulated copper wire with a
diameter of 1.5 mm and were installed so that they spanned the fluidized bed
perpendicular to the nozzle flow, and were in the same horizontal plane as the
injection nozzle. Further details on the probes and the method used to determine jet
penetration length can be found in the study by Dawe et al. (12).
PART 1: JET PENETRATION DEPTH STUDY
Experimental Technique
For each test the bed was fluidized at an excess velocity, Uex, of 0.039 m/s. An
experimental matrix was developed so that the effects of injection gas flow rate
(velocity), injection gas type, nozzle type, nozzle diameter and solids type could be
studied independently from one another. Jet penetration was measured during each
test using the triboelectric probes.
Results and Discussion
As expected, when the nozzle size was increased, the jet penetrated further, as seen
in Figure 2. This is a result of the increased gas mass flow rate with the larger
nozzles. These results were also observed by Merry (2) for sub-sonic jets.
Figure 2 also shows that Nozzle A penetrated further that Nozzle B and Nozzle C of
the same throat diameter. The convergent-divergent geometry caused an increase
in jet length when compared to the straight tube nozzle, while the addition of a
straight tube section to the end of the shaped nozzle cause a decrease in jet length.

Published by ECI Digital Archives, 2007

3

786

DAWE, BRIENS, BERRUTI
0.7

The 12th International Conference
- New Horizons in Fluidization Engineering, Art. 96 [2007]
Nozzle A, on
d =Fluidization
2.4 mm
Nozzle B, d = 2.4 mm
Nozzle C, d = 2.4 mm
Nozzle C, d = 1.8 mm
Nozzle C, d = 1.2 mm

0.6

Ljet (m)

0.5

0.4

0.3

0.2

0.1
5

10

15

20

25

30

3

ρtip (kg/m )

Figure 2. Effect of nozzle geometry, nozzle scale, and jet density on Ljet
(Fluidized bed particles: coke; Injection gas: air)
When the upstream pressure of the jet gas was increased, the gas density at the
nozzle tip and the gas mass flow rate both increased. This also resulted in a longer
jet, (Figure 2). The same trend was observed in the literature for sub-sonic jets.
It was observed that jet penetration decreased nearly linearly as dpsm/Φ increased.
Therefore, the particle size and shape were both important factors when considering
the penetration of the jet. This trend is consistent with the sub-sonic gas jet
observations of Musmarra (14), who noted that jet penetration decreased with
increasing particle size.
The effect of dpsm/Φ was analyzed more closely. To begin, it has been observed by
Dawe et al. (12) that an increase in gas entrainment causes a decrease in jet
penetration. This relationship exists because as gas is entrained into the jet, more
solids are entrained along with the gas. The jet then has to spend energy on
accelerating the additional gas and solids; therefore, energy dissipation in the jet
occurs faster, and the jet does not penetrate as far into the bed. The reason gas is
entrained into the jet is due to the lower pressure that occurs in the jet relative to the
bed pressure. The gas that flows into the jet flows through a fixed bed of defluidized
particles which surrounds the jet. The existence of this defluidized region has been
visually confirmed by Hulet et al. (15).
Ergun (16) proposed an equation for the pressure drop through a fixed bed. By using
this equation in combination with the equation developed by Chen (17), it can be
shown that:

Fg , e

dp
ε3
∝
Φd p ∝
1− ε
Φ

(1)

So, it can be seen that as dp/Φ increases, the entrained gas flow rate into the jet also
http://dc.engconfintl.org/fluidization_xii/96
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increases,
thus explaining the decrease in jet penetration.
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gas density was increased. This is logical since the jet with the greater gas density
had a higher mass flow rate at the same velocity, which resulted in greater jet
momentum. This trend was also observed by Vaccaro et al. (18) for sub-sonic jets.
Correlations from the literature (1, 2, 3, 4, 5, 6) were applied to predict Ljet for sonic
gas jets, and the predictions were compared to the experimental values. While the
correlations from Merry (2) and Ariyapadi et al. (6) performed the best with R2 values
of 0.71 and 0.89, respectively, there was significant scatter associated with the
predicted values. Modifying the coefficient and exponents of these correlations could
not provide a good correlation.
Since none of the existing correlations performed adequately for the sonic gas jet
data, a new empirical correlation was developed that used the nozzle diameter, the
equivalent speed of sound in the injection gas, and the density of the injection gas at
the nozzle tip and two particle-specific empirical constants. The correlation fit the
experimental data with a R2 value of 0.94, and therefore, was an improvement over
the existing gas jet correlations.

L jet
d

= α ⋅ U sound ,eq

0.488

⋅ ρ tip

0.329

+

β

(2)

d

The values of α and β for each solids type are listed below in Table 2.
Table 2. Values of empirical constants for gas jet correlation
Bed Particle Type
α
β
Coke
5.53
0.001
Glass Beads
3.55
0.101
Silica Sand
2.13
0.175
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Figure 3. Comparison of new empirical correlation with experimental data
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PART 2: EXPANSION ANGLE STUDY

All tests in this section were run with silica sand as the bed solids. For each set of
conditions to be studied, the triboelectric probes were started with their measuring
section along the jet axis. The probes were then moved outwards from the jet axis at
2 degree intervals until a triboelectric signal could no longer be detected.
Once the triboelectric signals were obtained, a power spectrum analysis was
performed between the frequencies of 0 and 200 Hz, excluding 55 to 65 Hz. The
average power of the signal in this frequency range was calculated for each probe in
the expansion region of the jet for each angle. The mean value of all of the average
power values was calculated, and plotted versus the angle (Figure 4). Figure 4
shows that the power decreases steadily with the angular position of the triboelectric
probe until the probes moves from the jet into the bed and the signal becomes
approximately constant.
As expected, when the gas mass flow rate (Wg) was increased, the expansion angle
increased due to the increased pressure inside the nozzle. It was also observed that
the geometry of the nozzle did not have much of an effect on the expansion angle.
However, the scale of the nozzle did have an effect on the expansion angle of the jet.
When operated at the same gas mass flow rate, Nozzle C with a diameter of 4.3 mm
had a significantly smaller expansion angle than Nozzle C with a diameter of 2.4 mm.
This occurred because the larger nozzle had a lower density at the nozzle tip.
Further testing of the different sized nozzles, while keeping the gas mass flux
(Wg/Anozzle) constant, would help develop a clearer understanding of the effects of
scale on the jet expansion angle.
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Figure 4. Sample results of power spectrum analysis for Wg = 0.008 kg/s
Increasing the density of the injection gas reduced the expansion angle: the angle
was 18 degrees for a density of 0.2 kg/m3 and 13o for a density of 1.6 kg/m3. This
observation was supported by the findings of Hinze (9) for sub-sonic jets. For the
http://dc.engconfintl.org/fluidization_xii/96
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mass flow rate of gas, the helium jets had a significantly larger angle than the
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CONCLUSIONS
It was found that none of the existing correlations, developed for sub-sonic jets, could
accurately predict the penetration depth of sonic jets. A new correlation was
developed for sonic jets and provided more accurate predictions. It involved the
diameter of the nozzle, the equivalent speed of sound of the gas, the density of the
gas at the nozzle tip, and two empirical constants.
The expansion angle of sonic gas jets was measured using the triboelectric probes.
A power spectrum analysis of the triboelectric signals was required to obtain the
experimental expansion angle. The expansion angle was found to increase when
the gas mass flow rate was increased, and decrease when the nozzle diameter was
increased. Also, the observed expansion angle decreased when the injection gas
density was increased.
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NOMENCLATURE
ALR
Cg
d
dp
g
GL
Fg,e
Fr
Ljet
M
P
S
U
Uex
Ug
Umf
Usound,eq
Wg

air-to-liquid ratio (wt%)
nozzle geometry parameter (-)
nozzle diameter (m)
Sauter-mean particle diameter (m)
acceleration due to gravity (m/s2)
superficial liquid mass velocity at the nozzle exit (kg/m2-s)
mass flow rate of entrained gas (kg/s)
Froude number (-)
jet penetration length (m)
molar mass (kg/kgmol)
upstream injection gas pressure (kPa)
mean slip velocity ratio (-)
velocity (m/s)
excess fluidization velocity (m/s)
superficial fluidization gas velocity (m/s)
minimum superficial fluidization velocity (m/s)
equivalent speed of sound (m/s)
mass flow rate of gas to the nozzle (kg/s)

Greek Letters
α
empirical correlation for jet penetration correlation (-)
β
empirical correlation for jet penetration correlation (-)
Published by ECI Digital
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∆P/∆z
pressure
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εmf
µg
Φ
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ρtip
θ
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mean void fraction based on slip conditions (-)
fluidized bed void fraction at minimum fluidization (-)
gas viscosity (kg/m-s)
particle sphericity (-)
gas viscosity (Pa.s)
fluid density (kg/m3)
injection gas density at bed conditions (kg/m3)
injection gas density at nozzle tip (kg/m3)
jet expansion half angle (degrees)
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